ABSTRACT: The impact of ultraviolet radiation (UVR) on a semi-natural, soft-bottom diatom community from Potter Cove, King Georg Island, Antarctica, was investigated. The objective was to estimate the impact of UV-B (280 to 320 nm) and UV-A (320 to 400 nm) on photosynthetic efficiency, pigments, DNA damage and repair. The diatom community was exposed to different doses of radiation treatments: PAR + UV-A + UV-B (PAB), PAR + UV-A (PA) and PAR (P). The most frequently observed species were Pleurosigma obscurum and Gyrosigma fasciola. Within the 0.7 mm substrate, UV radiation significantly reduced the Photosystem II (PS II) maximum efficiency (F v /F m ). Complete recovery was observed after 6 h post-cultivation under dim white light. The accumulation of diatoxanthin increased with exposure time for the P and PA treatments, but not for the PAB treatment, indicating a UV-B-related blocking of the de-epoxidation process within the xanthophyll cycling process. The ratio of diatoxanthin:(diatoxanthin+diadinoxanthin) decreased again to initial values after 24 h of recovery. The amount of DNA damage, measured as accumulation of cyclobutane pyrimidine dimers (CPDs), was minimal and increased with increasing UV-B dose, but DNA lesions were completely repaired within 24 h under dim white light. Regardless of possible avoidance strategies, e.g. vertical migration, negative UV treatment effects were observed. However, these effects were transient, facilitated by the dynamic recovery of photoinhibition and an efficient DNA damage repair mechanism. Although results from laboratory experiments using artificial radiation can only be extrapolated to field conditions with great caution, we conclude that Antarctic marine benthic diatoms inoculated into a semi-natural habitat are resilient to unnaturally high UVR.
INTRODUCTION
Stratospheric ozone depletion over the Antarctic and the consequent increase of ultraviolet-B radiation (UV-B, 280 to 315 nm) is a threat to all living organisms, and unfortunately little improvement is expected for total column ozone in the Antarctic for decades (Weatherhead & Andersen 2006) . Ultraviolet-A radiation (UV-A, 315 to 400 nm) and photosynthetically active radiation (PAR, 400 to 700 nm) are involved in photoreactivation and photorepair of the DNA (Karentz 1994 and references therein) . Because ozone depletion results in increased UV-B radiation without a proportional increase in UV-A and PAR, repair mechanisms might be impaired. At Potter Cove, King Georg Island, Antarctica, UV radiation (UVR, 280 to 400 nm) can penetrate to 19 m water depth (1% of the irradiance at the water surface), and could thereby also affect subtidal biota. Although the sediment has been proposed to be a refuge to escape harmful radiation, UVR has been shown to penetrate ca. 0.6 mm (UV-B) and 1 mm (UV-A) into a sandy sediment ).
In shallow-water areas, benthic microalgae can account for ca. 50% of the total primary productivity (Underwood & Kromkamp 1999) . The corresponding value for subtidal benthic microalgae on continental shelves was 42% of the total areal primary productivity (Nelson et al. 1999) . They also form an important food source for both benthic and pelagic heterotrophs in Antarctic marine ecosystems, where resuspended benthic diatoms constitute a substantial part of the phytoplankton carbon pool (Ahn et al. 1994 , Schloss et al. 1998 .
UVR negatively affects benthic microalgae in various ways with a possible cascade effect on the ecosystem altogether (Bothwell et al. 1994) . In soft bottom communities, ambient UV-B has been proven to be a stress factor for microbenthos and a selective force during early growth and succession (Wulff et al. 2000) . Primary productivity and carbon allocation were strongly affected by both ambient and enhanced levels of UV-B (Sundbäck et al. 1997 , but biomass and species composition were not affected (Sundbäck et al. 1997 . Responses of microalgal photosynthesis to ambient UV-B vary with substrate type and community density, as well as irradiance levels (Franklin & Forster 1997 , Villafañe et al. 2003 . Diatoms can gain protection against excessive irradiance through downregulation of Photosystem II (PS II) efficiency to regulate excitation energy for the photosynthetic process. For light harvesting, the diatom xanthophyll cycle can be used to modulate excessive energy through thermal dissipation by de-epoxidation of diadinoxanthin to diatoxanthin (Olaizola & Yamamoto 1994 , Demmig-Adams & Adams 1996 ). The process is reversed in low light when the excessive light energy is reduced.
Production of UV-absorbing compounds is a protective mechanism in Antarctic planktonic centric diatoms . However, the benthic diatom community almost exclusively consists of pennate diatoms, producing very low, if any, amounts of UV-absorbing compounds , Roux et al. 2002 . Other strategies to reduce negative effects of excessive radiation including UVR are vertical migration , Waring et al. 2007 ) and, on a community level, 'self-shading', i.e. cells deeper in the assemblages get protection through light absorption by cells at the surface (Blanchard & Cariou-le Gall 1994) .
Our work was prompted by the lack of studies dealing with the response of Antarctic benthic marine microalgae to UVR. The objective was to estimate the short-term (hours) impact of UV-B and UV-A on benthic marine diatoms (photosynthetic efficiency, photosynthetic pigments and DNA damage).
MATERIALS AND METHODS
The experiments were performed from 3 to 14 December 2004 at Dallmann Laboratory, Potter Cove, King George Island, Antarctica (62°15' S, 58°41' W). Fine-grained sandy to silty sediment with brown mats of benthic diatoms were collected from 5 to 7 m water depth by SCUBA diving. The top layer (1 cm) was scraped off, and the sediment was brought to the laboratory, gently shaken and sieved (mesh size 500 µm) using GF/F-filtered surface seawater. The sediment was stirred, and the overlying water containing suspended microalgae was transferred to a glass beaker gently bubbled with air and left to grow for ca. 3 wk under dim white light (ca. 10 µmol photons m -2 s -1
). The overlying water was enriched once a week with macronutrients and micronutrients, corresponding to f /2 medium (Guillard 1975) .
Experimental setup and treatments. The experiments were carried out in a temperature-controlled laboratory container at 4 to 6°C. Each Petri dish (55 mm diameter, n = 3 to 5) was filled with a ca. 0.5 mm layer of acid-cleaned sand (5 g) and carefully submerged into the bottom of a plastic container with minimal disruption of the sand cover inside the dish. A suspension of microalgae was evenly poured into the water surface of the basin. The clean sand with the diatom suspension on top (and some organic material) together constituted a layer of < 0.7 mm. The suspended diatoms in the water column were allowed to settle into the Petri dishes for ca. 12 h. After settlement, Petri dishes were slowly removed from the bottom of the basin and transferred to the experimental workbench under dim white light (<10 µmol photons m -2 s -1 ). One setup was designed for testing radiation treatment effects on photosynthetic pigments (n = 4), another setup was used for photosynthetic parameters (n = 5) and the third setup was designed to evaluate DNA damage (n = 3) (the different treatments are described below).
Radiation treatments. Background PAR was provided by white fluorescent lamps (Osram, L65 W/25S) with addition of UV lamps (Q-Panel UV-A-340, 40 W), emitting a spectrum qualitatively similar to solar radiation in the range of 295 to 340 nm. Three kinds of filter foils were used to cut off different wavelength ranges from the spectrum emitted by the fluorescent lamps: (1) Ultraphan transparent (Digefra), (2) Folanorm 320 (Folex), and (3) Ultraphan URUV Farblos (Digefra), corresponding to the PAB (280 to 700 nm), PA (320 to 700 nm) and P (400 to 700 nm) treatments, respectively. The cut-off wavelengths of the available filters differed slightly from the definition of the CIE (Commission Internationale De l'Éclairage; UV-B = 280 to 315 nm, UV-A = 315 to 400 nm). Irradiation in the laboratory was measured below the cut-off filters using a Solar Light PMA 2100 radiometer (Solar Light) equipped with a UV-A (PMA 2110) and a UV-B broad-band sensor (PMA 2106, Solar Light). Additional UV-B measurements were made using a Schott WG320 filter (Schott) to exclude wavelengths over 320 nm, as the spectral range of the UV-B sensor extends into the UV-A region of the spectrum. Both filtered and unfiltered intensities are shown in Table 1 . PAR was measured using a flat-head LI-COR 190 SA quantum sensor (cosine corrected) connected to a LI-COR LI-1400 datalogger (LI-COR Bioscience). Light intensities and doses (PAR, UV-A and UV-B) for the different treatments are shown in Table 1 .
Diatom density and species composition. Initial microalgal cell density was estimated in triplicates. The sample was vigorously shaken by hand for 30 s, and after another ca. 30 s (to allow sand grains to settle), a minimum of 2 individual subsamples (1 ml) of the algal suspension were pipetted into a Sedgewick Rafter counting chamber and counted under a light microscope (20 ×; Zeiss, Axiolab). Naphrax-mounted slides were prepared for diatom species identification. Samples were washed with distilled water to remove the salts and then boiled with 30% H 2 O 2 to remove organic matter. Subsequently, 1 to 2 drops of 50% HCl were added to remove carbonates and to eliminate H 2 O 2 . After washing, diatom suspensions were allowed to settle on a cover slip and left to dry before being mounted. For species identification, differential interference contrast and phase contrast microscopy (100 × magnification) were used (Axioplan 2 imaging; Zeiss). Diatoms were identified following Hustedt (e.g. 1961), Krammer & Lange-Bertalot (1986 , 1988 , Hendey (1952 Hendey ( , 1964 and Witkowski et al. (2000) . The nomenclature was updated with the help of Round et al. (1990) .
Photosynthesis. The effects of UVR on optimum quantum yield of the diatom suspension was determined by measuring the variable chlorophyll fluorescence of PS II (Suggett et al. 2003 ) by use of a pulse-amplitude modulated fluorometer (Water-PAM, connected to a PC with WIN CONTROL Software; Walz). After 8 h exposure to the different radiation treatments, followed by 24 h recovery, the content of the whole Petri dish was transferred into a 20 ml vial, the bottle was shaken for 30 s, the sand grains left to settle for another 30 s, and 4 ml of the microalgal suspension was filled into 5 ml quartz cuvettes for measurements in the Water-PAM. PS II maximum efficiency (F v /F m ) was measured after 3 min dark incubation to determine changes in the photosynthetic efficiency. Prior to dark adaptation, the samples were exposed for 5 s to weak, far-red light.
The photoadaptive index was estimated from a photosynthesis (in terms of relative electron transport rate, rETR = PFR × ΔF/F m '; PFR: photon fluence rate) versus irradiance curve (P -E curve). P -E curves were measured for every replicate (n = 3, chosen at random from the 5 replicates) using 8 actinic light intensities (17, 26, 38, 58, 87, 128, 198 and 294 µmol photons m -2 s -1 ) as described by Roleda et al. (2006) . The hyperbolic tangent model of Jassby & Platt (1976) was used to estimate P-E curve parameters described as:
where rETR max is the maximum relative electron transport rate, tanh is the hyperbolic tangent function, α is the electron transport efficiency and E PAR is the PFR of PAR. The saturation irradiance for electron transport (E k ) was calculated as the light intensity at which the initial slope of the curve (α) intercepts the horizontal asymptote (rETR max ). Data from the triplicates of each treatment were plotted together, and a single curve fit for each treatment was calculated with the Solver Module of MS-Excel using the least-squares method comparing differences between measured and calculated data. The fitness (R 2 ) of the curves was tested using regression analysis (p = 0.05). The saturating photosynthetic photon flux density (PPDF) value, at which photosynthesis is at 95% of the maximum value, (E 0.95 ) is directly proportional to E k and can be derived using the equation E 0.95 = tanh -1 (0.95) E k (Chalker et al. 1983 recovery radiation, the contents of each Petri dish were filtered onto 25 mm Whatman GF/F filters, giving 72 filters plus 4 from the initial control treatment (in total 76 filters). The filters were blotted, folded and put in liquid nitrogen (-196°C ) and transferred to -80°C. After ca. 3 mo, the filters were transported frozen (-20°C) to Sweden, again stored in -80°C and analyzed within 2 mo. Pigment extraction and analysis was done according to Wright & Jeffrey (1997) . The pigments were extracted in 1.5 ml acetone:MeOH (80:20) for 24 h in -20°C. The extract was then sonicated for 30 s using a Vibra-cell sonicator equipped with a 3 mm diameter probe and diluted with 100% MeOH 1:2 or 1:3. HPLC (high-performance liquid chromatography)-analysis was carried out using an absorbance diode-array detector (Spectraphysics UV6000LP). A C18 Phenomenex Ultracarb 3 µm ODS (20) (150 × 3.20 mm) column and a guard column, SecurityGuard Phenomenex C18 (4 × 3.0 mm), were used. The HPLC system was calibrated with pigment standards from DHI, Water and Environment, Denmark. Peak identities were further confirmed by on-line recording of absorbance spectra (400 to 700 nm) as described in Wright & Jeffrey (1997) . Dominating pigments detected were chlorophyll c 1 c 2 , fucoxanthin (fucox), a fucoxanthin derivative, diadinoxanthin (Dd), diatoxanthin (Dt), chlorophyll a (chl a) and betacarotene. Pigments are expressed as milligrams per square meter. DNA damage. DNA damage and its subsequent repair were determined in the semi-natural diatom community after exposure for 4, 8 and 16 h to PAB. For each treatment, 6 experimental units were prepared. After exposure, 3 experimental units were processed immediately, while the other 3 were transferred to low white light for a 24 h recovery period. Diatoms were suspended from the sand as described above. Sand grains were allowed to settle for a few minutes, and cells in the suspension were decanted and filtered through 44 mm diameter, 1 mm pore size Nuclepore polycarbonate membrane. Filters were then placed separately into 2 ml Eppendorf tubes and frozen at -80°C for further analysis.
For DNA extraction, the frozen filters were incubated in cetyltrimethyl ammonium bromide (CTAB) extraction buffer, as described by van de Poll et al. (2001) and modified by Roleda et al. (2004) . After extraction, the DNA pellet obtained was dissolved in 200 µl TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0), treated with RNAase (5 ml of 10 mg ml -1 , 30 min, 37°C; Sigma) and stored at -20°C. The DNA concentration was quantified fluorometrically using the PicoGreen assay (Molecular Probes) and a Cary Eclipse Fluorescence Spectrophotometer (Variance Scientific 12 Instrument). For calibration, a dilution series with a known amount of DNA (Serva) was used.
DNA lesions measured as cyclobutane pyrimidine dimers (CPDs) were determined using an immunoassay described by van de Poll et al. (2001) . Heatdenatured samples containing 50 ng DNA were transferred onto a nitrocellulose membrane (Protran BA 79, pore size 0.1 mm; Schleicher and Schuell) with a Minifold I SRC96 dot blot apparatus (Schleicher and Schuell). After a 2-step antibody assay, the membrane was treated with ECL Western blotting detection reagent (Amersham) and sealed in a transparent plastic folder. Subsequently, the films were exposed to photosensitive ECL films (Amersham) at different exposure times and then developed using X-ray film developer (Kodak). Developed films were scanned using a Biorad imaging densitometer (Model GS-700; Bio-Rad). Quantification of the grey-scale values was done by use of Multi-Analyst (Bio-Rad). A calibration series of UV-irradiated calf thymus DNA (Serva), supplemented with unexposed DNA, was included, giving 1 µg ml -1 DNA for each calibration point. The UV-irradiated DNA (45 min exposure to 2 TL-20W/12 lamps; Philips) was previously calibrated against UV-irradiated Hela DNA with known amounts of CPDs (kindly provided by A. Vink). CPDs were quantified by comparing the grey scales within the linear range of the film.
Statistical analyses. One-way ANOVA was used to test for the effects of UVR on photosynthetic efficiency, photosynthetic pigments and DNA damage, and the level of significance was set at p < 0.05. Prior to analysis, data were tested for homogeneity of variances (Cochran's test). Table 2 . Photosynthesis-irradiance response (P-E ) curve parameter estimates in controls and after 8 h radiation exposure, using the hyperbolic tangent equation of Jassby & Platt (1976) and Chalker et al. (1983) . Radiation treatments are PAR + UV-A + UV-B (PAB), PAR + UV-A (PA) and PAR (P). ETR max : relative electron transport rate, α: electron transport efficiency, E k : light intensity at which the initial slope of the curve (α) intercepts the horizontal asymptote, the maximum relative electron transport rate (rETR max ); E 0.95 : saturating photosynthetic photon flux density value at which photosynthesis is at 95% of the maximum value [E 0.95 
RESULTS

Initial
General photosynthetic performance
Parameter estimates obtained from the rapid P-E curves of the diatom community (Fig. 1, Table 2 ) showed treatment effects on community photosynthesis. The highest ETR max was observed after 8 h treatment with P alone, and decreased with PA and PAB treatments. Values for α were also observed to be lower under PAB and PA treatments compared to P treatments ( ) (Fig. 3 , Table 2 ).
UV treatment effects
Photosynthesis
Compared with initial samples, F v /F m decreased after 8 h exposure to different radiation treatments. A significantly reduced F v /F m was observed between: PAB and PA, PAB and P, and PA and P (Fig. 2) . After 6 h recovery under dim white light, no significant differences were observed between PAB and PA, PA and P, but PAB was significantly higher than P. 
Photosynthetic pigments
The most pronounced effects were found for the lightprotective pigments in the xanthophyll cycle, Dt and Dd. There was a dose-dependent accumulation of Dt in the P and PA treatments, but not in the PAB treatment. Relative to the initial, the ratio increased from ca. 0.07 to 0.13-0.31 in the different radiation treatments. Significant treatment effects were found between the initial ratio and the PAB, PA and P treatments, respectively (Fig. 3) . Within the 4 and 8 h radiation treatments, no significant effects were observed. Within the 16 h exposure time, however, significant treatment effects were observed, following the pattern PAB < PA < P. In addition, significantly lower ratios were found between the recovery values and their respective radiation treatment (Fig. 3) . For chl c 1 c 2 , no apparent trends were observed. Fucoxanthin generally decreased during recovery following 8 and 16 h exposure to PAB, PA and P. A similar tendency was observed for chl a and betacarotene (Table 3) .
Considering the Dd + Dt pool relative to lightharvesting pigments (fucox, chl a), no significant differences were found between the treatments within the 4 and 8 h radiation exposure times (Fig. 4) . A tendency of increasing ratios with exposure time was observed, but was not related to the UV treatments, except for PA (8 h < 16 h). For recovery radiation, the ratio was stable (all treatments; Fig. 4 ).
DNA
The amount of DNA lesions measured as CPDs among the different microphytobenthic species composing the semi-natural diatom community increased with increasing UV-B dose (Fig. 5) , but no statistically significant differences were found (4 h < 16 h, p = 0.055). After 24 h under low white light, no CPDs were detected, indicating a complete recovery from DNA damage.
DISCUSSION
In the study area, ca. 20% of the incoming UV-B radiation reached 5 m water depth, and the daily dose reaching the subtidal microalgal community was 3.6 kJ during the experimental period. In our experiment, the microalgae were exposed to 26 kJ over the 8 h exposure time, which is ca. 7 times higher than the actual daily UV-B dose received at 5 m depth. The daily UV-A dose in our experiment (267 kJ) was 2.5 times higher than the actual UV-A dose received at 5 m depth. Together with the low PAR dose, the ratio between PAR/UV-A/UV-B differed from that under natural conditions. Thus, the study was not designed to perfectly mimic natural conditions and should, according to applied radiation treatments, be considered to be mechanistic. However, if anything, we exaggerated the effects of UVR in general, and in particular the effects of UV-B (intensity and dose).
Although the benthic diatoms in our study were exposed to unnaturally high doses of UVR, they were quite resilient to its negative effects. Due to the thin sediment layer and the low cell numbers in each Petri dish, the diatom assemblage ; PAB: PAR + UV-A + UV-B; PA: PAR + UV-A; P: PAR only was negatively affected during exposure to UVR. Regardless of the protection strategies such as avoidance, photochemical quenching and repair occurring during exposure treatment within the semi-natural habitat, a net negative UVR effect was measured. The negative effects were, however, observed to be transient. Photosynthetic function was restored, and DNA damage was repaired when UVR was removed. Vertical migration has been suggested to be a key mechanism for epipelic benthic diatoms to avoid UV-B radiation , Waring et al. 2007 ). For example, the epipelic diatom Gyrosigma balticum (Ehrenberg) Rabenhorst responded to UV-B radiation by vertical migration, but a significant UV-B effect on PS II was still apparent after 5 d of repeated UV-B exposure . Waring et al. (2007) measured UV-B effects on intertidal benthic microalgae in a greenhouse with supplementary UVR, and their data indicated a UV-B-related migratory response independent of ambient PAR. In order to trace UV effects on motile diatoms, it is important to take the sediment depth into account. UV-A has been shown to penetrate 1 mm into sandy sediment, and UV-B, to 0.6 mm sediment depth . Our set-up was designed to minimize the possibility for the diatoms to move away from the radiation treatments (< 0.7 mm layer in our set-up). Although vertical migration cannot be excluded within the thin sand layer, the UV treatment effects found in F v /F m and the response of the xanthophyll cycle pigments showed that the diatom cells responded to the different radiation treatments. Another strategy to further reduce damaging effects of excessive light energy is to expose the smallest possible surface towards the radiation source. For example, the epipelic diatom Gyrosigma balticum has been found to be oriented perpendicular to the sediment surface with their long axes, and it has been suggested that an upright position may be common among epipelic diatoms (Jönsson et al. 1994) . In this context, the most frequently observed cells in the present study belonged to the genera Gyrosigma and Pleurosigma, which have an elongated shape. ; PAB: PAR + UV-A + UV-B; PA: PAR + UV-A; P: PAR only UV effects on microalgae are often species-specific (e.g. Karentz et al. 1991 , Neale et al. 1998 , Wulff et al. 2000 , and some species get more negatively affected than others , Waring et al. 2006 . In an earlier study, we observed a shift in the benthic diatom community over 16 and 13 d experimental periods, respectively, although no significant shifts in species composition between the radiation treatments (PAB vs. PA and PAB vs. P) could be detected ). The time scale in the present study was too short to elucidate any changes in species composition; however, it is possible that some UV-tolerant species remained on the upper stratum of the 0.7 mm layer, while UV-sensitive species migrated deeper down (cf. Waring et al. 2007 ).
UV treatment effects
Photosynthesis PAR supplemented with UV-A had a significant additional effect on the photoinhibition of photosynthesis. The cumulative effects of UV-A + UV-B after 8 h exposure further reduced F v /F m relative to P and PA treatments. The reduction in F v /F m under PAR treatment was not solely due to the photon fluence rate (E = 44 µmol photons m -2 s -1 ), which was lower than the extrapolated E k (66 to 71 µmol photons m -2 s -1
), but rather due to the long irradiation period, i.e. the total fluence of PAR applied. In a repeated time series measurement of photosynthetic response to UVR, Waring et al. (2006) reported a reduction in UV-B-induced photoinhibition with increasing UV-B exposure period. They speculated about a possible recovery process or an acclimation to UV-B taking place within the exposure period. In high-light-acclimated cells of the planktonic diatom Thalassiosira antarctica Comber, photoinhibition after exposure to 30 min of 0.6 W m -2 UV-B and 51 W m -2 UV-A radiation required a 2 h recovery period to regain photosynthetic capacity comparable to the initial value . Litchman & Neale (2005) showed that low-light-grown cultures of the planktonic diatom T. pseudonana were more sensitive to UVR compared to cultures grown in high light. In our study, the diatom community was first acclimated to low PAR intensities of <10 µmol photons m -2 s -1 (much lower compared to the above-mentioned studies) before exposure to high doses of UVR (as a function of exposure time). Despite this, the assemblage was observed to be UV tolerant. After 6 h postcultivation in low white light, F v /F m was relatively lower compared to the initial value, but a UVR effect was no longer observed. Kinetics of photosynthetic recovery with shorter time intervals are of interest for future studies to determine the relative rate of recovery between PAR-and UVR-treated samples. Furthermore, van de Poll et al. (2006) did not find any UV effects on the diatom xanthophyll cycle, but a large Dd + Dt pool was suggested to protect against UVRinduced PS II damage. Another aspect of handling excessive light energy is the inherent compensatory PS II capacity (increased PS II turnover rate), allowing cells to maintain photosynthesis in the presence of moderate photoinhibition, defined as up to 50% decrease in the number of functional centers (Behrenfeld et al. 1998 , Kaňa et al. 2002 .
Further support for UV tolerance of the benthic diatoms studied was shown by Wulff et al. (2008) , where a similar diatom community maintained photosynthesis (F v /F m ) and growth over 2 experimental periods (16 and 13 d) when exposed to UV-B radiation of 4.7 kJ d -1
. The corresponding maximum dose at the study site (5 m depth) was 3.6 kJ d -1
. Moreover, under ambient light conditions, no impacts of UVR on the diatom communities studied (species composition, biomass and growth) were found over two 3.5 mo field experiments in the same area (intertidal and subtidal) , Campana et al. 2008 .
Photosynthetic pigments
Within 4 and 8 h exposure times, no significant UV effects on Dt / (Dt + Dd) were found. Within the 16 h exposure time, however, the ratio was significantly lower in the PAB treatment. This finding was opposite to what was expected. Although the de-epoxidation of Dd to Dt is known to occur in excessive light (PAR) as a protection against photooxidation (Arsalane et al. 1994 , the effect of UV-B on the de-epoxidation process is not clear. For the pennate diatom Phaeodactylum tricornutum Bohlin, Goss et al. (1999) found an increase in Dt concentration when exposed to UV-B radiation corresponding to a 3 to 15% decrease in the ozone layer. The UV-B-dependent increase in Dt concentration was correlated with a concomitant enhancement of non-photochemical quenching of chlorophyll fluorescence and a decrease in the quantum efficiency of oxygen evolution, indicating that UV-B induced Dt functions in thermal energy dissipation. Again, in our study, the Dt / (Dt + Dd) was lower in the UV treatments, possibly due to UV-related blocking of the de-epoxidation process, where the applied UV-B was more efficient compared with the UV-A. In pea leaves Pisum sativum, Pfündel et al. (1992) found an UV-B-related inhibition of the deepoxidase of violaxanthin. Sobrino et al. (2005) showed a wavelength-dependent induction of de-epoxidation of violaxanthin in the picoplankter Nannochloropsis gaditana. In Phaeodactylum tricornutum, Mewes & Richter (2002) showed a reversal of the Dd cycle when high-light-acclimated cells were exposed to supplemental UV-B radiation. It should be noted, however, that our experimental 16 h exposure for UV-B radiation of 0.7 W m -2 (0.9 W m -2
) is extreme for the subtidal community studied. However, the epoxidation process was functioning, returning the ratio to initial values after 24 h in weak PAR. The ratio of Dt / (Dd + Dt) never exceeded 30% over the course of the experiment, and therefore it could be argued that the small increase, although statistically significant, could not make more than a minor contribution to the UVR tolerance observed in the benthic diatoms studied.
During acclimation to high irradiance, the ratio between xanthophyll and light-harvesting pigments increases, due to an increased pool of xanthophyll and a decrease in light-harvesting pigments (Demers et al. 1991 . We observed an increased ratio over time, irrespective of radiation treatment, and UVR did not seem to have any additional effects on (Dt + Dd) / (chl a + fucoxanthin). Thus, what we observed was a dose dependency. A similar increase as a response to PAR acclimation was observed for the planktonic Antarctic diatom Chaetoceros dichaeta Ehrenberg . It should be noted that, probably due to the low light conditions preceding the experiments, the pool of xanthophyll pigments to lightharvesting pigments was very low.
DNA damage
Accumulation of CPDs can arrest the cell cycle in the DNA synthesis phase and obstruct de novo synthesis of cellular components and substances required for cellular maintenance and growth. Unless DNA damage is repaired, this can eventually lead to cell death. DNA damage can, however, be repaired by photoreactivation controlled by light in the UV-A to PAR region. Photoreactivation has been demonstrated in several marine organisms, including viruses, bacteria and early life stages of macroalgae (Buma et al. 2003 , Roleda et al. 2007 ). In the planktonic Antarctic diatom Chaetoceros dichaeta, no CPD accumulation was detected in high light-acclimated cells exposed to 0.1 W m -2 UV-B for 2 h (corresponding to 4 m water depth) ). Exposure to a higher dose of UV-B radiation can inadvertently cause DNA lesion, but the benthic diatoms in our experiment exposed to 0.7 W m -2 (0.9 W m -2 ) UV-B for up to 16 h sustained only very minimal DNA damage. Furthermore, DNA damage was completely repaired within 24 h when allowed to recover under photoreactivating light (no shorter recovery times were measured to determine repair kinetics).
Induction and accumulation of CPDs (as a measure of DNA damage) increases not only with increasing UV-B radiation, but is also size-class dependent and species-as well as group-specific. Compared with other microalgae, diatoms were less vulnerable to UV-B, and the smallest size fraction of plankton was more susceptible to DNA damage . Aside from the functional relevance of size, susceptibility to DNA damage was related to the presence of photoprotective compounds and the lower effectiveness of the screening pigments in smaller cells (Garcia-Pichel 1994) . The minimal DNA damage measured on the diatom community in the present study could be attributed to the dominance of 2 large diatom species (100 to 150 µm). These large benthic pennate diatom species, however, do not contain any UV-absorbing compounds like mycosporine-like amino acids (Wulff unpubl. data) . Thus, other possible UV-protective mechanisms (i.e. the presence of a thick silica cell wall and other accessory pigments) are in operation and responsible for their lower susceptibility of sustaining DNA lesions.
In conclusion, laboratory experiments to describe community dynamics and response to stress factors should be interpreted with great caution. Results of the present study mainly provide valuable information on basic mechanistic physiological responses at the community level. Further studies are needed to elucidate the different mechanisms behind UVR tolerance among various species, which enable the diatom community to maintain their photosynthetic capacity regardless of the relatively high UV doses applied. The xanthophyll pigments clearly increased with radiation dose, but no clear UV effects were found, except for the extreme 16 h exposure. The DNA repair mechanism was also efficient under unnaturally high UV-B doses. According to our results, UVR does not seem to be a threat to benthic marine Antarctic diatoms. However, final determinations of UV effects on natural communities of Antarctic marine benthic microalgae require in situ measurements of all variables tested in the present study. 
